Abstract: For the first time the life cycle of the common land snail Trochulus hispidus was completely described in Central Europe (Poland). This is a semelparous species predominantly with an annual life cycle and the reproductive period lasting from April till October. The first young snails hatch in spring, grow rapidly in summer and reach ca. 4 whorls until winter. In spring of the next year they mature and reproduce. After that they die. There is hardly any growth from late autumn till early spring. The average proportional growth rate is ca. 0.3 whorl/month in the wild. The fastest growth is present in the youngest snails and then gradually decreases over the course of their age. Laboratory and field observations allowed for establishing the following life cycle parameters: eggs calcified, almost spherical, ca. 1.5 mm, laid in spring and summer in batches of between 1 and 47. Time to hatching is 6-24 days, hatching is asynchronous; newly-hatched snails have approximately 1.5 whorls. Analysis of food preferences revealed, that T. hispidus tends to restrict its diet during the life. Generally the youngest snails equally consumed leaves of all four tree species offered (Fraxinus excelsior, Acer pseudoplatanus, Tilia cordata and A. platanoides) whereas adults preferred F. excelsior over A. pseudoplatanus and A. platanoides.
Introduction
The land snail Trochulus hispidus (L., 1758) has a wide distribution range in Europe; in the north, along the Atlantic coast of Scandinavia it reaches the Arctic circle (Shileyko 1978; Kerney et al. 1983; Riedel 1988) , in the east -southern Ukraine, the Urals and St. Petersburg (Forcart 1965) and in the west -the British Isles (Kerney et al. 1983) . Its southern distribution border is not precisely known: it has been recorded in the central and north-eastern parts of Spain (Altonaga et al. 1994; Bragado et al. 2010 ) and northern Italy (Manganelli et al. 1995) . There are a few records from Bulgaria and northern Croatia (Damjanov & Likharev 1975; Irikov & Mollov 2006; Irikov & Erőss 2008; Uherkovich et al. 2008) . In Poland it is common in the whole country except the Carpathians; in the Sudetes it has been recorded up to 800 m a.s.l. (Wiktor & Wiktor 1968 ). It has long been known as an alien species in eastern and central Canada and the north-eastern part of the United States (Robinson 1999; Hotopp et al. 2010) . It is the most widespread species in the genus Trochulus, most other species being restricted, especially to mountain ranges (Kerney et al. 1983 ). There are disputes about its relationship to, and the status of, a very similar species, T. sericeus (Draparnaud, 1801) , often referred to as T. plebeius (Draparnaud, 1805) (Naggs 1985; Falkner et al. 2002) . Significant shell variation within and between populations of T. hispidus has been reported and synonymisation of both names proposed (Proćków 1997 (Proćków , 2009 ).
The main aim of this paper was to describe the life history and growth rate of T. hispidus based on laboratory observations and field studies. Although it is very common, very little is known about its ecology and life cycle except for some fragmentary data scattered in the literature. Jeffreys (1862) , Taylor (1916) and Frömming (1954) provided some information on number of eggs and time to hatching and the latter author analysed the diet of the species. Cameron (1982) showed that the life-cycle was probably annual, most adults dying in autumn. It is found in a wide range of habitats, and may be found as high as 2000 m a.s.l. (Kerney et al. 1983 ).
In addition, we asked whether juveniles and adults differ in their diet. Frömming (1954) gave the only published account of diet in T. hispidus. Analysis of the excrements of just captured adult and juvenile individuals showed that the natural diet of the species is highly dependent on the food sources available in a particular site. Most European land gastropods are thought to be nonspecific herbivores or detritivores; detailed studies including faecal analysis have shown that even some of these species have developed distinct food preferences (Mason 1970; Williamson & Cameron 1976; Hatziioannou et al. 1994; Iglesias & Castillejo 1999) . These preferences are not necessarily reflected in the places where snails are found by field observation; particular plant species also offer resting places, concealment and other favourable conditions (Iglesias & Castillejo 1999) . Furthermore, some studies have shown that juveniles of some species show significantly less discrimination than adults (Wolda et al. 1971; Williamson & Cameron 1976 ).
Material and methods

Laboratory studies
Life cycle, growth and fecundity The life history data were collected across various European populations of Trochulus hispidus. These comprised growth rate (Ehrmann's 1933 method of counting whorls), maturation, longevity, mating behaviour, fecundity, egg-laying, egg morphometrics and time to hatching. In order to collect these data we proceeded as follows:
The th November 2010. The individuals were kept in pairs and groups of 4-9. They were distributed as follows: Lubawka (9 pairs, 3 groups of 4 snails, 2 groups of 6 snails, 1 group of 7 snails, 1 group of 9 snails); Cheddar Gorge (4 pairs and 1 group of 9 snails); Saltford (2 pairs). The snails were kept in plastic boxes of a size depending on the number of individuals per box (6×7×7 cm, 7×11.5×7 cm and 12×15×7 cm). Initially, damp tissue paper with litter brought from the habitat were used as substratum but after 7 th June 2009 moss had been added as a shelter and a substratum for egg-laying. The data on clutch sizes include only records in the presence of moss. The snails were fed with lettuce, carrot, cucumber, apple and occasionally also parsley. Chicken egg shells or pieces of chalk were provided as a supplementary source of calcium. The temperature in the room varied from 17
• C in winter to 25
• C in summer. The relative humidity in the dishes was constant, ca. 80%. The boxes were checked and cleaned at least once a week and during periods of intense observations (e.g., reproductive period) -every day or two. Water and food were supplied as needed. Eggs and newly hatched snails were removed to separate boxes to prevent double counting on subsequent occasions.
Food preferences Food preferences were tested using 6 and 5 populations of juveniles and adult individuals, respectively (Table 1) . Each population was kept in one Petri dish. The populations of juveniles were kept in their original groups, as they hatched in the laboratory culture and were fed with ash leaves until the experiment began. The experiment was run at the same time for all snails. Moist tissue paper was placed at the bottom of each dish as an underlay. Each dish was supplied with cuttlebone as a source of calcium.
In each trial four equal (3×3 cm) sized squares of decaying dead leaves of Fraxinus excelsior, Acer platanoides, Acer pseudoplatanus and Tilia cordata were placed onto the dishes on the first day of the experiment. All tree species involved in the experiment were chosen as supposedly preferable food for most land snail species, in contrast to leaves of Quercus species or Fagus sylvatica (Wäreborn 1969 (Wäreborn , 1970 Waldén 1981) . The percentage of leaf area consumed was measured at 24-hour intervals on a daily basis. The experiment was finished after seven days. The data on the consumed proportion of leaves were then standardised by total percentage consumed (sum of the percentage of consumed leaves across all tree species). The reason is that various populations consumed various total amount of leaves, which would result to artificial difference between more and less hungry populations. Afterwards we transformed the proportion data using the square-root arcsin transformation.
We used the population that originated from Březí to test the difference between adults and juveniles, and all the populations listed in Table 1 to test the differences between the sites. The differences between sites were tested in adults and juveniles separately. Each of four tree species were tested (12 tests altogether). We employed General Linear Model (GLM) to test effect of adults vs. juveniles being controlled for day, then we tested (GLM) for the effect of different sites being controlled for day. We used Bonferroni correction so that our level of significance was 0.0008 (= 0.01/12). A series of 12 t-tests (all six combinations of four tree species in case of adults and juveniles were tested separately) was employed to test food preferences. The differences between consumption of leaves deposited on the same Petri dish (see Table 1 for list of populations) were tested. Proportions of leaves consumed by five adult and six juvenile populations were arcsin square-root transformed before the test. Bonferroni correction suggests level of significance 0.0008 (= 0.01/12).
Field studies
Field observations on T. hispidus were carried out in Lubawka (Central Sudetes, 50
• 42 19.2 N, 16
• 00 09.8 E, 420 m a.s.l.) in a nettle (Urtica dioica) patch with a single tree of Acer platanoides and shrubs of Symphoricarpos albus growing on one side. The site was visited each month from April till October in 2009 and from May till October 2010. The aim of the field observations was to describe the life span, growth rate and seasonal changes in the population age structure. In order to estimate the growth rate and lifespan, individuals collected during a two-hour search, on each occasion from the same area of 9 m 2 , were marked and released in the place where they had been found. Marking involved painting a narrow stripe using nail-varnisheach month a different colour -on the upper side of the whorl's body, just next to the aperture, so that the shell increment could be read on recapture. Population size (N) and corresponding standard error (SE) were estimated using Bailey's modification of Petersen's mark-recapture index (Seber 1982) , separately for all snails and the snails with more than 3 whorls. The following formula was used: N = M (C + 1)/(R + 1), where M is the number of snails marked and released on each sampling occasion, C is the number of the snails from the next sample and R is the number of recaptured snails.
In order to estimate the age structure there were five age classes distinguished based on the number of whorls (Table 2). The shell growth rate and standard statistics (mean, variance, standard deviation and median) of whorl increment in the consecutive classes were calculated on the basis of all marked-recaptured snails.
Results
Laboratory observations
Egg-laying and hatching One of the captive snails was directly observed producing 22 eggs over the course of 4.5 hours (9:03-13:30 hours) on 5 th June 2009. Before laying the first egg it seemed as if the snail was looking for a suitable place by touching substratum and encountering objects, such as pieces of chalk or food, with its tentacles. The eggs were laid on the litter, lettuce leaves or directly on the tissue paper in 8-25 minutes intervals when the snail was occasionally motionless. Their number per batch ranged from 1 to 8. Later, when moss was added to the boxes, the snails laid their eggs in it preferentially. The mean clutch size was 23.67 eggs per clutch (range 1-47, SD = 16.6, n = 79), excluding three batches that contained 65, 66 and 90 eggs, respectively, which most likely include more than one clutch (Fig. 1) . Newly laid eggs were partly calcified, white and almost spherical. Initially they were shiny as a result of the covering mucus layer; after 4-7 days they became translucent, so that the young snail could be seen, surrounded only by a translucent membrane. Mean egg diameter, recorded across six clutches, was 1.5 mm (SD = 0.11 mm, n = 86), with size ranging 1.31-1.75 mm.
Time to hatching among 27 selected clutches originating from 9 different boxes lasted from 6 to 24 days (mean 13.89, SD = 5.07, n = 405). Hatching was asynchronous; juveniles of the same batch hatched over 1-5 days. Newly hatched juveniles had translucent shells and bodies; their shells had 1.0-1.9 whorls (mean 1.5, SD = 0.17, n = 55). The protoconchs of the juveniles were smooth, whereas the following whorls were covered by periostracal hairs. Hatching success among the offspring was 82% (range 0-100%, SD = 24%) which was calculated based on the same 27 clutches.
Reproduction was most frequent at the end of May and at the beginning of June (Fig. 2) . Then it decreased sharply. The last four clutches were found on: 21.VIII.2009 (7 eggs and 2 clutches of 4 eggs) and 16.IX.2009 (4 eggs). Egg production per snail left alive during the observations was sevenfold higher in May and June (21 eggs/snail) than in July (3 eggs/snail).
Growth and maturation
Juvenile snails suffered very high mortality in the laboratory cultures. Although 82% of eggs hatched successfully, none of the 451 juveniles survived to reach maturity. 120 days after hatching, only 41 (9.1%) of juveniles were still alive and after 240 days there were only 21 (4.7%) left (Fig. 3) . The largest snail had 4.8 whorls and reached this size at death (321 days). It had grown at the rate of 0.45 whorl/month. The longest living snail (377 days) reached only 4.0 whorls (0.32 whorl/month).
The complete life span of T. hispidus could not be identified due to the fact that no specimen matured in lab conditions. The snails brought from the field started dying after 50 days. The longest living specimen died after 249 days (mean 118.3, SD = 46.4, n = 79).
Food preferences
We found significant effect of age stage on consumed leaves for all four tree species (P < 0.0002, df = 1, n = 28, snails from one site of origin, 7 days for one population of adults and 7 days for 3 populations of juveniles, in all cases of the four tree species). Data were controlled for the day of the experiment. Fig. 4 shows that adults feeding behaviour was more uniform during the whole experiment (Fig. 4A) , whilst preferences of juveniles (Fig. 4B ) varied as the experiment proceeded. In adults, A. platanoides, A. pseudoplatanus and T. cordata were consumed differently at different sites (P < 0.00001, df = 4, n = 35, 7 days for five populations in all cases) and F. excelsior was likely to be equally consumed at all the sites (no significance was detected P > 0.3). Unlikely in adults, in juveniles only F. excelsior was consumed differently between the sites (P < 0.0002, n = 42, 7 days for six populations, three of them from one site of origin).
Adults generally preferred (P < 0.0008, df = 8, n = 10) leaves of F. excelsior (Fig. 4A) over leaves of A. platanoides and A. pseudoplatanus. On the contrary, juveniles did not show significant preferences (Fig. 4B ).
Field observations
In the field T. hispidus was found directly on plants and litter although in early spring, late autumn and during sunny days also inside curled dry leaves. The number of individuals marked (M) on each sampling occasion ranged from 51 to 276, and in all cases, except for April 2009 and May 2010 (when snails were still inactive due to the prolonged winter), it exceeded 130 (Table 3 ). There were many fluctuations in the estimate of population size (N) during the study period, though considerable rises in density (D) appeared in May and September 2009, and June 2010. Densities were lower in May and September 2010 (Table 3) . Additionally, it has to be taken into consideration that emigrations and immigrations to the patch, as well as mortality, Explanations: M -number of snails marked on each sampling occasion, R -recaptured snails, N -population size, SE -standard error, D -density (individuals/m 2 ). certainly violate the assumptions of these estimates. Another such a problem is that by becoming larger, snails get easier to find. Although, when the smallest size classes were excluded from the calculation, population density, compared to that estimated for all snails, declined almost twice only in October 2009, in other months it varied slightly (Table 3) .
Population age structure and growth rate As can be seen in Fig. 5 , T. hispidus overwinter in all size categories. By comparing the population structures in October 2009 and May 2010 it has been observed that young specimens grow also from late autumn till early spring. In May 2009, most snails collected were adult while only few adults were recorded in the same time the following year. The majority of the juveniles were recorded in October 2009. Throughout spring until autumn 2010 the population grew older but the percentage of adult specimens is still low. Mark-recapture technique revealed four adults that survived over two breeding seasons. Of the 2,159 marked juveniles and adults 257 (11.9%) snails were recaptured: 236 were recaptured once (10.9%), 20 (0.9%) twice and 1 (0.05%) three times. Among the recaptured adults (n = 122) 66 were dead on recapture, which represents ca. 54%. During the lifetime of the snails, proportional growth rate declined with age. Snails with 2.5-4.0 whorls have the fastest growth, followed by those with 4.1-5.0 whorls and then by the snails with more than 5 whorls (Table 4). Given the fact that T. hispidus, when hatching, had approximately 1.5 whorls the average growth of snails was estimated during both growing seasons (Fig. 6) . Thus it equalled to 0.23 whorl per month. From late autumn till early spring, the maximum whorl increment was very small and reached only 0.1 whorl during the period of six months (from late October till early May).
Discussion
Life history of Trochulus hispidus
All the available data on the life history of T. hispidus are summarized in Table 5 . Where the same features have been studied, there is a broad measure of agreement among studies; this study adds precision and more features. While conditions in the laboratory were clearly not ideal (see below), the combination of field and laboratory data enable us to provide a general account.
Seasonal changes in the age structure of the studied population, combined with the growth rate, make it possible to reconstruct the life cycle of the species. Juveniles hatch from April to October. The earliest hatched snails grow to ca. 4 whorls until winter. The growth rate then is ca. 0.3 whorl/month. Wintering juveniles have shells of 3.3-4.9 whorls. After winter the snails resume their growth at a slower rate, to reach 5.2-5.9 whorls in spring and they nearly all reproduce in the same year. After that they die. Those hatched in autumn hibernate as juveniles and reach their sexual maturity in late spring or summer. It is evident that the vast majority of individuals have only one breeding season during their life time. Additionally, a few adults over- wintered to breed once more. This places T. hispidus in a group of semelparous species which have an annual life cycle. This mode of reproductive strategy has also been observed in other species of the Hygromiidae family, i.e., Monacha cantiana (Montagu, 1803), M. cartusiana (O.F. Müller, 1774) (Chatfield 1968) and Candidula unifasciata (Poiret, 1801) (Hänsel et al. 1999) , and agrees with the results for T. hispidus from Benthall Edge Wood near Ironbridge, England (Cameron 1982) . In areas with dry and wet seasons some life cycle variations have been evidenced in a few semelparous hygromiid species. For example Xeropicta derbentina (Krynicki, 1836) or Xerolenta obvia (Menke, 1828) are able to switch from an annual life cycle to a biennial cycle in response to a population density or climate conditions (Kiss et al. 2005; Lazaridou & Chatziioannou 2005) .
As in many other land snail species, the reproductive season of T. hispidus is relatively long. In laboratory conditions it is limited to spring and summer, extending to autumn in only few individuals. Although in the field the individuals from the youngest age class were only observed in July, September and October April-September April-September April-September April-October Hatched juveniles 1 whorl, more than half of shell covered with minute red and straight hairs 1 whorl, more than half of shell covered with short and straight red hairs 1.5 whorls with characteristic hairs 1.0-1.9 whorls, shell apex without hairs, many rows of hairs on the body whorl
Reproductive lifespan 50-250 days, few adults overwinter Growth rate 0.23 whorl/month (average); 0.3 whorl/month (to 5.0 whorls); 0.06 whorl/month (≥5.1 whorls) (Fig. 5) , the presence of a second age class (2.1-3.0 whorls) recorded in the period from May till October gives a direct indication of a breeding process occurring from spring till autumn. The conflict in the observations might be caused by the fact that newly-hatched snails are very small and difficult to find. Moreover, the general number of the individuals living on the patch was very high in some months and it was impossible to collect all of them. Data about reproductive period of hygromiid species inhabiting Central Europe are very scarce. Perforatella bidentata (Gmelin, 1791) has one reproductive period in summer (Kuźnik-Kowalska & Roksela 2009) and the helicellinids C. unifasciata and Helicella itala (L., 1758) have two reproductive periods in spring and autumn (Hänsel et al. 1999) . T. hispidus, similarly to Cernuella virgata (Da Costa, 1778) investigated in Australia (Baker 1991) , has a reproductive season extended to up to seven months. This may help spread the risk within a season, rather than between the seasons as seen in interoparous species and it can be related to the history of this species. T. hispidus was a common species of the glacial steppe (Ložek 1964) hence the semelparous life cycle can be the answer of this species to a harsh climate. For instance such adaptations, which favoured a switch from iteroparity to semelparity, have been evidenced for a small rodent, Neotoma lepida Thomas, 1893 (Smith & Charnov 2001) . The life history of T. hispidus fits into general picture of our knowledge of the life histories in the species of similar size and habitat requirement, e.g., Vitrina pellucida (O.F. Müller, 1774) (Umiński 1975) or Succinea putris (L., 1758) (Jackiewicz 2003) . Generally they breed when they are one year old and live through only one winter. In contrast, Discus rotundatus (O.F. Müller, 1774) was considered to be annual (Cameron 1982) but detailed studies revealed that its life span is 2.5-3.5 years and time to reach maturity ca. 4 months (Kuźnik-Kowalska 1999) . This implies that it is an interoparous species with the reproductive period falling in July/August (Kuźnik-Kowalska 1999) . Another exception is Aegopinella nitidula (Draparnaud, 1805), which is biennial (Mordan 1978; Cameron 1982) .
Based on the data of the growth rate collected through field observations it can be stated that the fastest proportional growth is present in the youngest snails and then gradually decreases over the course of their age (Table 4 ). The growth phases recorded in T. hispidus (fast phase followed by slow phase) seem to be typical for helicids and hygromiids (Maltz 2003; Kuźnik-Kowalska & Roksela 2009 ). The slow growth phase in such species is associated with a development of a reproductive system which has been discussed in Maltz (2003) and Maltz & Sulikowska-Drozd (2008) . In the case of growth in the field, environmental factors such as variable temperature or humidity associated with a particular season should be considered. They may have a significant effect on the growth of the snails forcing them to hibernate or aestivate.
The potential reproductive capacity of T. hispidus is great, and it is no surprise to find that this is matched by high juvenile mortalities. The changes in the age class proportion depend on the rate of the surviving adult individuals. Although, a high proportion of eggs may hatch, data obtained from field and laboratory work proves a high mortality in the first month in case of hygromiids (Chatfield 1968) . There is also a large natural mortality within adults just after their reproduction, as evidenced by many empty shells found in the habitat (MP pers. observ.) and recaptured adults among which more than 50% were dead. It is noteworthy that in 2009 adults dominated from May till July in the studied area while in 2010 it changed and during the whole growing season juveniles comprised the bulk. Variations that occurred from one year to the next, implied considerable fluctuations in reproductive success and mortality. It is that combinations of environmental factors such as weather or climate conditions are important in controlling growth and longevity of the snails (Sulikowska-Drozd 2011; Proćków et al. 2012) . There are few long-term studies of population fluctuations in land snails, though Williamson et al. (1977) found population density in a Cepaea nemoralis (L., 1758) population fluctuated fivefold over a six year pe-riod, with big changes in recruitment among years. In the case of our studies the difference between years is very striking and might be strongly connected with the weather conditions when in August 2010 the precipitation was extremely high in the Sudetes (Miętus et al. 2010) . This resulted in a flooding in many places. Admittedly, this phenomenon did not take place on the studied area but heavy rainfall may have had a catastrophic effect mainly on laid eggs but also on the newly hatched and young snails (Fig. 5 ). Much lower density recorded then in September 2010 supports this hypothesis (Table 3) .
Time to hatching in T. hispidus varies widely from 6 to 24 days; the difference cannot be entirely attributed to the temperature, since it pertained to some batches hatched at the same time in the same dish. In Punctum pygmaeum (Draparnaud, 1801) (Baur 1989) , Helicodonta obvoluta (O.F. Müller, 1774) (Maltz 2003) or Perforatella bidentata (Kuźnik-Kowalska & Roksela 2009) similar variation has been observed. In P. pygmaeum it can be explained by possible egg retention, but T. hispidus and the latter two species are considered strictly oviparous species.
Shells of hatchlings vary considerably in the number of whorls as in P. bidentata (Kuźnik-Kowalska & Roksela 2009) and young T. hispidus immediately after hatching are very similar in appearance to M. cantiana (Chatfield 1968) . The shell apex in both species is free of hairs, but many rows of hairs are present on the body whorl and are distributed in a lattice pattern (Kaiser 1966; Chatfield 1968) . The degree of development prior to hatching is variable, and gives a clue as to the evolution of ovoviparity.
The heavy mortality of juvenile T. hispidus in laboratory conditions is a serious problem in gaining insights into its biology. Falkner (1973) was unable to keep successfully the culture of T. graminicolus Falkner, 1973 despite his attempts to reconstruct the natural habitat. Our experiences are similar and concern not only T. hispidus but also T. villosulus (Rossmässler, 1838) and T. striolatus (C. Pfeiffer, 1828) brought from various locations in Poland, the Czech Republic and Great Britain (unpublished data). Furthermore, Cain (1959) mentioned difficulties in rearing T. striolatus. Of many half-grown individuals brought from the field only few became mature and one pair reproduced. High mortality of juveniles was also noticed and actually there is no information how long he kept the hatchlings and whether they finally matured. Mortality of very young snails (2.5 mm) of Monacha cantiana and M. cartusiana made it impossible to rear the snails to the adult state (Chatfield 1968) . The species are found in similar ruderal environments. Given the ease with which breeding colonies of other snails also found in such environments [e.g., Cepaea species, Arianta arbustorum L., 1758, Cornu aspersum (O.F. Müller, 1774)] can be raised in captivity, this suggests some rather specific requirements for these hygromiid snails that are missing in standard laboratory conditions. Williamson & Cameron (1976) reported no mortality in juvenile C. nemoralis kept in the laboratory, even when fed less than optimum diets.
Since the juveniles of T. hispidus survived very poorly, doubts may arise whether the decline of reproductive rate in wild-collected adults was real. However, our clutch-size data did not differ from those published by Taylor (1916) or Frömming (1954) , as well as, the lifetime of adults in captivity was reasonably long. Moreover, decreasing mean egg production per snail indicates that the data seem to be reliable.
Food preferences
Our laboratory experiment confirmed that diet of T. hispidus is variable (Frömming 1954) . The only F. excelsior species was universally preferred across all focal populations. It suggests that individuals from different, geographically determined populations show variability in their diet, regardless of variation in available sources (but see Iglesias & Castillejo 1999) and/or different feeding history (but see Wareing 1993) . It is thus likely that (i) T. hispidus profits from its plasticity in feeding habits, which allows the species to occupy highly variable sites and that (ii) this plasticity is actually responsible for the variability in diet that was reported for wild populations (Frömming 1954 , Wareing 1993 , Iglesias & Castillejo 1999 .
